Abstract. The analysis of complex magnetic profiles throughout an ultrathin magnetic films by soft X-ray resonant magnetic reflectivity is discussed. Subnanometer resolution can be achieved allowing the separation of interface and inner layer magnetic contributions as well as the determination of antiferromagnetic and non-collinear spin structures. Reflectivity measurements are carried out up to large scattering angles allowing the determination of the depth-resolved profiles of the out-of-plane magnetic component.
Introduction
In the late 80s, it has been shown that, in the vicinity of an absorption edge, the sensitivity to the magnetization of the X-ray scattering cross section can be resonantly enhanced and depends on the polarization state of the incident and scattered photons [1] . This effect results from electric multipole transitions which are sensitive to the magnetic properties of the system [2] . The first investigations were dedicated to bulk materials in the hard X-ray range, especially at the L 2,3 edges of rare earths and at the M 4,5 edges of actinides [3] . Later, strong effects have been observed in soft X-ray scattering measurements at the L 2,3 edges of 3d metals [4] [5] [6] . X-ray resonant magnetic scattering has been developed in third generation synchrotron radiation centers thanks to tunable polarized beam [7, 8] . Used in various configurations, this technique, turned out to be a powerful tool for probing nanomagnetism [9] . In particular, by measuring the X-ray reflectivity, it is possible to probe the magnetic profile of a specific element across a thin magnetic film. Typically, X-ray resonant magnetic scattering is carried out by analyzing the energy dependence of the reflectivity at different incident angles or scattering vector values [10] [11] [12] [13] [14] , whereas recently strong interest in the analysis of the angular dependence of the reflectivity has emerged [15] [16] [17] [18] [19] . This turns out to be particularly relevant in the soft X-ray range where the reflectivity, measured at large scattering angles, is sensitive to the out-of-plane magnetization [20] . Furthermore, soft X-ray resonant magnetic reflectivity (SXRMR) has been shown to resolve the magnetic structure along the growth axis with in-plane and perpendicular components [21] .
2 Soft X-ray resonant magnetic reflectivity X-ray resonant magnetic scattering exploits the magnetization sensitivity of the atomic scattering factor (ASF) at an absorption edge. Considering dipole transitions it may be expressed on the basis of the two polarization states chosen either parallel or perpendicular to the scattering plane [22] :
The first term in Eq. (1) is the Thomson and resonant charge scattering with
where E is the incident photon energy. The second term is the resonant magnetic scattering where f m = m (E) + im (E) with m representing the X-ray magnetic circular dichroism (XMCD) [6] . The second terms in brackets show the contribution of the transverse (m x ), longitudinal (m y ) and polar (m z ) component of the magnetic moment to the scattering amplitude for a given experimental geometry. The scattering angle θ is defined as the angle between the incident beam direction and the sample surface (inset Fig. 1 ). In order to analyze the X-ray reflectivity measurements, it is usually convenient to consider the change of the refractive index or of the dielectric tensor at an interface and the propagation through a continuous layer. These complex quantities are related to the X-ray ASF for the forward scattering (q = 0) [23] . The magnetic properties of the 3d (transition metals) and 4f (rare earths) levels can be probed in the soft X-ray range (200 to 2000 eV) in the vicinity of their L 2,3 edges (2p → 3d transition) or M 4,5 edges (3d → 4f transition). These transitions exhibit sharp and strong resonances [24, 25] . They provide a high charge and magnetic contrast allowing the study of multielement heterostructures. Furthermore, the wavelength of soft X-rays is one order of magnitude larger than that of hard X-rays. The oscillations measured in reflectivity can then be observed to large incident angles which is favorable to probe the out-of-plane magnetic component.
The specular reflectivity measurements are performed under UHV conditions in order to both avoid absorption of the X-ray beam and to limit the surface contamination during measurements at low T. The in-plane magnetization is probed by applying a magnetic field in the sample plane either in the longitudinal (μ 0 H in the scattering plane) or in the transverse geometry (μ 0 H perpendicular to the scattering plane) using circular or linear (π) polarization of the incident beam [26, 27] . The magnetic contrast in the reflectivity is derived from the measurement of two intensities Ip and Im, obtained either by using right and left circularly polarized incident light, keeping the direction of the applied magnetic field unchanged or measuring at remanence, or by reversing the direction of an applied magnetic field while keeping the X-ray helicity unchanged. The out-of-plane magnetization is probed by magnetizing the sample perpendicular to the sample plane (called here "polar" configuration). Up to now this condition has been realized by moving a permanent magnet close to the sample surface followed by data collection in remanence [20, 21, 28] . In this case, Ip and Im are obtained by reversing the X-ray helicity.
As an example, Fig. 1 displays spectra recorded in longitudinal and polar configuration using the RESOXS chamber [29] operated at the SIM beamline at the Swiss Light Source. Fig. 1(a) shows the measurements carried out at room temperature (RT) on a 4 monolayer (ML) thick Fe film deposited on a Cu(001) single crystal surface by pulsed laser deposition and capped by 3 nm of Au [12] . Solid lines represent the reflectivity curves Ip and Im collected in longitudinal geometry using a photon energy tuned close to the Fe L 3 -edge and symbols represent the corresponding asymmetry defined by Figure 1(b) shows data collected at 40 K for a 8 ML Fe film which is known to exhibit an out-of-plane magnetic component [21] . The asymmetries observed for the different magnetization configurations (up to θ = 85 degree) are completely different. In Fig. 1(a) , R converges to zero at large θ values in agreement with the product m y cos(θ) in equation (1) . By contrast, in Fig. 1(b) , R adopts values significantly different to zero at high angles in agreement with the m z sin(θ) product. This allows the separation of the in-and out-of-plane component of the magnetization in an ultra-thin film [21] or in an exchange coupled layer [28] .
In general the photon energy is tuned to the vicinity of the edge: either at the maximum of the XMCD contrast, which however is related to strong absorption, or at the inflexion point below and above the absorption edge to benefit from the strong contrast in the real magnetic part of the ASF and different signs of the resonant charge and magnetic terms.
The quantitative analysis of the magnetic structure is carried out by refining the energy and/or the angular dependent magnetic asymmetry at different incident angles or energies around the resonance, respectively. As an example, the Au/Fe(4ML)/Cu(001) sample introduced above is selected. The first requirement is to determine the energy dependent real and imaginary parts of the ASF. Ideally, the charge f and magnetic m imaginary parts should be obtained from X-ray absorption and XMCD spectra measured at the same time as the SXRMR experiment to benefit from the same energy resolution. However, these quantities are often derived from reference samples which might exhibit slightly different spectroscopic features. Moreover, the data are also usually collected at other beam lines involving a different energy resolution. Hence, the shape of the absorption and XMCD spectra can be slightly different. Since in a SXRMR experiment the magnetic contrast is linked to the magnetic moment via the result of the sum rules applied to the XMCD signal used [6] , the differences can be a source of uncertainties in the determination of absolute magnetic moments. They do not affect the potential of SXRMR to determine the film magnetization profile [20, 28] . In the present study, f and m are determined from the measurements carried out on a reference Fe film, for which sum rules yield a magnetic moment of 2.1μ B [21] . The dispersive parts of the scattering amplitudes (f and m ) are calculated by using the Kramers-Kronig relationship.
The geometrical film structure is derived by fitting the reflectivity which is collected at energies far from resonance and/or by fitting the average signal [Ip + Im]/2 measured near the resonance. The latter is necessary to increase the charge contrast between the Fe layer and the Cu substrate. The following thickness and roughness parameters were obtained (in nm): t Au = 3.0 ± 0.02, t Fe = 0.93 ± 0.10; σ vac-Au = 0.23 ± 0.02, σ Au-Fe = 0.10 ± 0.04 and σ Fe-Cu = 0.33 ± 0.02. The film densities are refined to within 10% of the bulk values. The magnetic profile is then fitted while keeping the structure parameters constant.
Figure 2(a) shows the reflectivity Ip and Im collected in longitudinal geometry at 705.9 eV. Figure 2 (b) exhibits the corresponding asymmetry and fits. Calculations are carried out by using a recursive calculation involving the reflection and transmission coefficients at each interface, within a magneto-optic formalism as described, for instance by Zak et al. [30] or by Elzo et al. [31] . The former formalism was coded in the early program "Reftool" [32] , while the second was coded in the program "Dyna" [31] . Calculations shown here were performed with the Reftool program.
The Fe film is subdivided into thin slabs and the magnetization vector of each slab is described by an amplitude term (w m , where w m = 1 corresponds to a magnetic moment of 2.1μ B ) and two angles (spherical coordinates) to take into account arbitrary orientations of the magnetization vector. In the case of the 4 ML thick in-plane ferromagnetically ordered Fe sample, which was magnetized along the longitudinal direction, only the magnetic amplitude of each slab is refined by varying the weighting factors w m applied to m and m . The fits are outlined in the following [see Fig. 2(b) ]. Considering only one slab (blue solid line) or two equally thick slabs (light blue solid line) is insufficient to describe the magnetic structure. A very good agreement is obtained by using three equally thick slabs with, from the top to the bottom, w m = 1.07, 0.42, 0.33 (green solid line). No further improvements are obtained at 705.9 eV using a four slabs model (red solid line). It is important to verify that the model which fits R also fits Ip and Im as shown in Fig. 2(a) . It should be emphasized that the measurement of R at several energies around the resonance imposes a strong constraint to the analysis if the magnetic profile model is fitted to the whole data set [21] . In this example, the best model to fit R at several energies uses four slabs. The spatial resolution is equal to about 0.3 nm.
Applications of soft X-ray resonant magnetic reflectivity
In this section, two examples are discussed to illustrate the sensitivity of SXRMR to subtle details of magnetic film structures with in-plane and out-of-plane magnetic anisotropy.
Selective in-plane magnetization profile in
The first example outlines the investigation of single Fe x Mn 1−x magnetic alloy films epitaxially grown on an Ir(001) buffer layer and capped by Ir to protect the magnetic film from oxidation. It has been shown that for a [Fe x Mn 1−x /Ir] superlattice with x ≥ 0.7, the average magnetization depends on the c/a ratio which in turn depends on the concentration (x) [33] . Here, the aim is to investigate the homogeneity of the magnetic distribution within the layer to probe the potential effect of a strain and concentration distribution on the magnetization profile [34] .
We first consider the analysis of the Fe and Mn magnetic profile in a 2.4 nm thick Fe 0.7 Mn 0.3 film. The actual structural parameters of the film are derived from the refinement of hard X-ray reflectivity experiments. The SXRMR measurements were performed at RT using circularly polarized light and reversing the longitudinally applied magnetic field. The resonant terms of the ASF were derived from a bulk like Fe film (section 2) and an 1 ML Mn film deposited on Fe(001) (w m = 1 corresponds to a magnetic moment of 3μ B ) [33] . The average magnetization of Fe in the alloy layer can be determined from energy dependent reflectivity measurements collected at small incident angle (θ = 5 deg) where the reflectivity is less sensitive to the details of the charge density and magnetization profile [35] . Figure 3(a) and 3(b) shows the experimental reflectivity curves and the magnetic asymmetry. Considering only one slab (i.e. a uniform profile), the refinement of the asymmetry leads to a very good agreement between experiment and calculation ( Fig. 3(b) ). The corresponding calculated Ip and Im are displayed in Fig. 3(a) . An average Fe magnetic moment of 0.65±0.05 μ B per atom is derived, which is considerably lower than 2.1 μ B for bcc-Fe. of a uniform profile across the layer, the same magnetization amplitude is expected. However, at θ = 17.5 deg, the measurements are more sensitive to the details of the magnetization profile. Hence, the observation of a large difference is an indication of a non uniform profile.
In order to probe the Fe magnetization profile within the film, the q dependent asymmetry has been recorded at 705.4 eV. Figure 4(a) displays the results. The solid blue line corresponds to a homogeneous film magnetization and fails to fit the experimental data, especially at high q values. Considering that the magnitude of the magnetic moment might be different depending on whether a magnetic atom is located at an interface or in the bulk of the film, the magnetic layer is divided into three slabs. The best fit (solid red line) refining six parameters (thickness and magnetic amplitude) yields the following values from the bottom to the top interface (given in nm and μ B ): 0.14, 0.08 / 1.54, 0.74 / 0.68, 0.48 (Fig. 4(c) ). The average Fe magnetic moment derived from this model equals to 0.62 μ B in good agreement with the one obtained from the energy dependent reflectivity analysis at 5 deg considering only one slab. Moreover, this three slabs magnetic profile allows not only the fit of R at θ = 5 deg (not shown) but also at θ = 17.5 deg (Fig. 3(d) ). This confirms that the two different magnetic amplitudes, derived from the fit of the energy dependent asymmetry measured for two different incident angles, can be ascribed to a non uniform profile.
The magnetization profile is characterized by: (i) a net magnetic moment of 0.74 μ B for the inner layer, (ii) a strongly reduced one at the bottom interface (0.08 μ B ) which is limited to about 1 ML (the d spacing of Fe 0.7 Mn 0.3 is 0.165 nm) and (iii) an intermediate one (0.48 μ B corresponding to a 35% reduction with respect to the magnetization of the inner part) at the top interface spread over 4 ML. Reversing the distribution of the magnetic moments within the film leads to a very different asymmetry ruling out such a model (solid green line).
In order to probe the Mn magnetic profile, the reflectivity measurements were carried out at 637.8 eV. Figure 4(b) shows that the asymmetry at the Mn L-edge is weaker as compared to that at the Fe L-edge (2% versus 12%). Again a homogeneous distribution of the Mn magnetization can be ruled out on the basis of the large difference between the calculated (solid blue line) and the experimental asymmetry. Nevertheless, from the good agreement up to 1 nm −1 , the average magnetic moment is derived to −0.44 μ B . The negative sign indicates that the magnetic moment is oriented opposite to that of Fe, corresponding to an antiferromagnetic coupling between Fe and Mn. The best fit (solid red line) corresponds to the following parameters (in nm and μ B ): 0.35, −0.87/1.53, −0.48/0.63, −0.2 (Fig. 4(e) ), with an average magnetic moment of −0.46 μ B . The magnetic profile is graded. The magnetic moment decreases from the bottom to the top of the film. The differences between the Mn and the Fe magnetic profile are significant (no Mn "dead" layer) since the Mn asymmetry cannot be fitted with a Mn magnetization profile reproducing the shape of the Fe one (solid green line in Fig. 4(b) ).
A similar trilayer with an alloy thin film of slightly different composition Fe 0.8 Mn 0.2 was also investigated (Fig. 4(d)-4(f) ). In this case, the SXRMR measurements were carried out at RT using π polarization and reversing the transversally applied magnetic field at a photon energy of 706.9 eV (Fe L 3 edge) and 638.4 eV (Mn L 3 edge). The analysis of the asymmetry rules out a constant magnetic distribution (solid blue line) and leads to similar magnetic profile as for Fe 0.7 Mn 0.3 displayed in 95 μ B and 1.4 μ B , respectively) . These values are closer to the 2.1 μ B and 1.7 μ B , reported in [33] for Fe 0.9 Mn 0.1 .
The reduction of the average Fe and Mn magnetization, from x = 0.8 to x = 0.7, is linked to the increase of the tetragonal distortion induced by the Ir substrate [33] . The difference between the Mn and the Fe magnetic profile can be discussed in view of two effects. The first effect is the segregation of Mn atoms during the growth of the alloy as reported previously for a Fe 0.7 Mn 0.3 thin film alloy by using high-resolution transmission-electron microscopy and electron-energy loss spectroscopy [34] . The second one is the antiferromagnetic exchange interaction between Mn atoms. It is worth to note that SXRMR is not directly related to the magnetization but to the product of the magnetization with the concentration [10] . Hence, a change in the apparent magnetization could have its origin in a change of the concentration, not easily detectable by X-ray reflectivity on a 2.4 nm thick film. During growth, the segregation effect can lead to a non-homogeneous composition profile. The strong reduction of the Mn magnetic moment for the upper layers (concentrated on about the last atomic layer for x = 0.8 and spread over 4 ML for x = 0.7) can be related to a higher Mn concentration. The presence of Mn atoms surrounded by several Mn nearest neighbors may lead to an antiferromagnetic arrangement of the Mn magnetic moments and hence to a reduction of the laterally averaged magnetization. As a result, the Fe concentration is reduced and the Fe magnetization shows a decrease by 25% in the last atomic layer for x = 0.8 and by 35% in the last four layers for x = 0.7. This reduction might have its origin in a reduction of the Fe-Fe interactions or in a small change in the strain leading to a change of the Fe atomic volume [33] . In the interior of the film the composition is close to the nominal one and the amplitude of the magnetization is constant over about 9 to 10 ML. Close to the bottom interface, the Mn concentration might be slightly reduced, which might explain a more or less extended area with a higher Mn magnetization. Indeed, we observed an increase in the average magnetization from 0.46 to 1.4 μ B value when the nominal Mn concentration is reduced from 0.3 to 0.2. Finally, the Fe "dead layer" could be ascribed to a first layer of almost pure Fe, however intermixed with Ir.
Out-of-plane magnetic profile in Fe(8ML) on Cu(001)
The face centered cubic (fcc) phase of Fe is notorious for its complex magnetic properties, both in the bulk and in the ultra thin film limit [36] . Although it is known since decades that fcc-Fe can be stabilized when deposited on Cu(001) a clear picture of its magnetic structure has not been established yet. Though some consensus exists that fcc-Fe films in the thickness range above 4 ML are not ferromagnetic (FM), their detailed magnetic structure is disputed. This called for a direct analysis of the magnetization profile in ultra-thin fcc-Fe by determining the depth-resolved magnetization profile [21] which has not been possible so far, especially for out-of-plane component, by conventional methods (except of Mossbauer spectroscopy, however Fe-57 Fe selfdiffusion complicates interpretation in this case).
Here, we focus on the complex out-of-plane magnetic structure of the 8 ML sample introduced in Sect. 2. The structural parameters are derived from the refinement of the reflectivity curves collected in the hard X-ray range as well as in the vicinity of the Fe L 3 edge. Figure 5 shows the analysis of the asymmetry recorded at 40K for 2 photon energies at Fe L 3 edge. The high quality fits correspond to the magnetic structure ↑↑↓↑↓↑↓↑ where the upper 2 layers are FM coupled and the subsequent layers show an antiferromagnetic coupling [21] .
The determination of the magnetic profile requires simultaneous refinement of several parameters. We followed the procedure described in Sect. 2 and limited the w m amplitude to vary between 0 and 1.35 (which corresponds to the value for the high spin phase of fcc Fe 2.8 μ B ). It turns out that the main features of the experimentally derived asymmetry cannot be fitted by using less than six slabs. The best model to fit R at all photon energies (three at the L 3 edges and one at the L 2 one) is obtained using eight slabs and is shown on the right side of Fig. 5 (red) , which is supported by DFT calculations [37] .
In order to show the high sensitivity of R to the magnetic arrangement, the asymmetry was calculated for three other models (Fig. 5) . The model consisting of three top FM layers followed by an AF structure (green arrows) and the double AF structure model (blues arrows) were theoretically proposed [38] . The model, with a surface magnetic layer and non-magnetic inner layers (orange arrows) which is based on an early study [39] , allows one to illustrate the importance of the magnetization of the inner layer although the average is close to zero. The magnetic amplitudes were chosen identical to the best model. The calculated asymmetries are very different (Fig. 5 ) allowing us to rule out those models.
Finally, its is worth to note that a slight improvement of the calculated R at low angles has been obtained by introducing a small in-plane component through the rotation of the magnetic moment close to the Fe/Cu interface. Without such an in-plane component, the asymmetry at low angles shows no structure. A finite modulation of R is observed instead in the case of the 8 ML film (see Fig. 5 ) and it is even larger in the case of a 6 ML film [21] .
Conclusion
We have reported on the application of SXRMR to derive the magnetization profile in ultra thin films. Owing to the combination of spectroscopy and scattering, SXRMR is site and element specific and is capable to provide information on complex magnetic structures. SXRMR studies on ultrathin films were carried out over a large angular range with high signal to noise ratio. Depth resolved in-plane and out-of-plane magnetization profiles have been derived with sub-nanometer resolution, including the determination of magnetization inhomogeneities within a strained alloy film and the analysis of magnetic configurations characterized by an antiferromagnetic structure along the growth axis. It is anticipated that SXRMR will be very useful to probe the modifications induced in an entire film or from an interface by the application of a current or a voltage [40] . 
